Magnesium vapor produced in-situ by aluminothermic reduction of magnesium oxide was injected directly into the melt with argon carrier gas to desulfurize molten iron to an ultra-low sulfur concentration in a short time.
Introduction
To identify the kinetic mechanism, by which magnesium desulfurizes carbon-saturated iron, dissolution of magnesium vapor into pig iron and desulfurization of pig iron by magnesium vapor have been studied by Irons and Guthrie using 60 kg of carbon-saturated iron at 1 532 K. [1] [2] [3] [4] [5] A magnesium vaporizer was used to inject pure magnesium vapor into molten iron and the efficiency of magnesium dissolution ranged between 20 and 80 %. 1, 2) As for desulfurization of pig iron with magnesium vapor, they concluded that most of the desulfurization took place by precipitation on magnesium sulfide inclusions present in the bath rather than on the bubble surface. [3] [4] [5] And, these particles were eliminated from the melt by bubbling or induction stirring.
On the other hand, Nakanishi et al. 6) assumed that the solubility of magnesium in molten iron was too low for significant amount of magnesium to dissolve, and most of the desulfurization took place on the bubble surface. The ratecontrolling step was the mass transfer of dissolved sulfur in the melt.
Several methods have been developed for using magnesium to desulfurize hot metal from the blast furnace, such as Mag-Coke, Salt-coated magnesium and Mag-Lime. 7) In recent years, desulfurization by injection of lime and magnesium powder into molten iron has been the subject of many investigations. Yonezawa et al. 8) showed that with using a flux system of CaO and 10-25 % Mg powder, the desulfurization efficiency of magnesium was 10 % and the sulfur concentration reduced from 0.012 to 0.002 %. The drop in temperature during the desulfurization was only 12°C, which was obviously less than that during the desulfurization with lime injection. Aoyagi et al. 9) reported that the desulfurization efficiency of magnesium was about 25 % and the sulfur concentration reduced to 12 ppm during the desulfurization with CaO and 10-30 % Mg powder in a torpedo car and ladle. There are the other several papers [10] [11] [12] [13] relating to the desulfurization with CaO and Mg powder.
In a previous paper, 14) a new desulfurization method of molten iron was developed by immersing a tube charged with MgO-C pellets into the melt. Heated by heat conduction from the molten iron, magnesium oxide in the pellet was reduced by carbon to produce magnesium vapor, which was injected directly into the melt together with argon carrier gas. A mathematical model of desulfurization was also developed. Since the reduction rate of magnesium oxide was slow and the magnesium partial pressure in the bubble was low, the calculated results showed that the desulfurization mainly took place on the bubble surface. The rate-controlling step changed with the progress of desulfurization during the bubble formation and ascent periods. At the beginning of the formation period, both of the mass transfer of sulfur in the melt and magnesium in the bubble should be considered as the rate-controlling steps. At the end of the ascent period, the mass transfer of magnesium in the bubble was much slower than that of sulfur in the melt, and became the rate-controlling step for the desulfurization reaction. The amount of desulfurization during the formation period was larger than that during the ascent period.
To improve the reduction rate of magnesium oxide and the efficiency of desulfurization, a stronger reductant, aluminum, was used in the present experiments. The magnesium vapor produced in-situ by aluminothermic reduction of magnesium oxide was injected directly into molten iron with argon carrier gas. The effects of temperature, pellet mass, initial sulfur concentration and carrier gas flow rate on desulfurization were studied experimentally. A mathematical model for analyzing this desulfurization process was developed and the mechanism of desulfurization with magnesium vapor was further studied.
Experimental Apparatus and Procedure
The apparatus and experimental procedure are the same as those in the previous work. 14) A high frequency induction furnace (15 kW, 100 kHz) was used to melt electrolytic iron of 350 g in a graphite crucible of 40 mm I.D and 100 mm height. An inert atmosphere was maintained by blowing argon at a flow rate of 1.3ϫ10 Ϫ5 m 3 /s onto the melt surface. The graphite immersion tube of 10 mm I.D and 15 mm O.D had 5 holes of 1.0 mm diameter at its lower part, through which the magnesium vapor and argon carrier gas were injected into the melt.
The pellet charged into the tube was a mixture of magnesia powder (0.4 mm in average diameter and purity higher than 99.9 %) and aluminum powder (75-150 mm in size and purity higher than 99.5 %). After mixing the MgO and aluminum powders at a molar ratio of 3 : 2, the pellets were formed by using a cold isostatic press under a pressure of 150 MPa for one hour. The initial sulfur concentration was adjusted by adding FeS to molten iron, and then the tube charged with the pellets was immersed into the melt until its tip reached 2 mm from the crucible bottom. The desulfurization process was examined by taking a sample from the melt at appropriate time intervals for analyzing sulfur and carbon concentrations.
Principle of Desulfurization of Molten Iron with Magnesium Vapor Produced In-situ by Aluminothermic Reduction of Magnesium Oxide
There are two reactions in the present desulfurization process. One is the reduction of magnesium oxide and the other is the desulfurization by magnesium vapor.
Various reductants can be used for the reduction of magnesium oxide, such as Al, C, Si, Si-Fe and Si-Al. In order to increase the reduction rate, aluminum is chosen as the reductant in the present work. The reduction of magnesium oxide by aluminum takes place at two stages. 15) At the first stage, the following reaction occurs to produce magnesium vapor and MgO · Al 2 O 3 spinel: At the second stage, the reduction of the spinel by aluminum proceeds.
DG°ϭ607.7Ϫ0.279T (kJ/mol) 16) ................. (4) It has been found that the reduction rate of Reaction (1) is much faster than that of Reaction (3) . Therefore, the supply rate of magnesium vapor during the desulfurization experiment is large in the early period, and then becomes very small. In order to express the degree of reduction, a reduction efficiency of pellet, h R , is introduced, which is defined as the ratio of the mass of the reduced MgO, W R , to the initial mass of MgO in the pellet, W 0 .
.(5)
Desulfurization with the magnesium vapor is assumed to take place on the bubble surface, and can be written as
.(6)
Since no desulfurization slag was used in the present experiment, the activity of the reaction product, MgS, was a MgS ϭ1. The equilibrium relation between the magnesium partial pressure, P Mg (atm), and the sulfur concentration, [ppmS], is given by: 17) ........................................... (7) From the above equation, one can deduce that the equilibrium sulfur concentration in the melt decreases with decreasing temperature and increasing magnesium partial pressure. Here, the desulfurization efficiency of pellet, h S,P , is expressed as: where W S is the mass of MgO actually used for desulfurization, which can be calculated from the mass of sulfur removed from the melt. Figure 1 shows the experimental results at 1 553, 1 613, 1 673 and 1 773 K. The carrier gas was argon of a flow rate 5ϫ10 Ϫ7 m 3 /s and the pellet mass was 1.5 g.
Experimental Results and Discussion

Effect of Temperature on Desulfurization of Molten Iron
At 1 553 K, the sulfur concentration slowly decreased from an initial value of 500 ppm to a final value of 60 ppm in 120 min. At a higher temperature of 1 613 K, the rate of desulfurization became faster and the sulfur concentration decreased from an initial value of 520 ppm to a final value less than 10 ppm in 30 min. Further increase in temperature to 1 673 and 1 773 K gave a still larger desulfurization rate and the final sulfur concentration dropped below 10 ppm in 10 min at 1 673 K and below 20 ppm in 8 min at 1 773 K. It is evident that the desulfurization rate increases considerably with increasing temperature due to a higher rate of magnesium vapor supply. However, as shown in Fig. 1 , with increasing temperature to 1 773 K, resulfurization reaction
. took place after 8 min. This is because the reduction of MgO with aluminum proceeds very fast at first, but after 8 min it becomes very slow. In addition, the equilibrium sulfur concentration is relatively high at 1 773 K. A part of the injected magnesium vapor reacted with sulfur to produce MgS. The rest left the melt without reacting with sulfur. The magnesium vapor leaving the melt was observed as black smoke. The black smoke was produced slowly during the whole experimental time of 120 min at 1 553 K, lasted for about 45 min at 1 613 K, but it was produced quickly at the initial stage of the experiment and observed for less than 10 min at 1 673 K and 1 773 K.
These observations showed that with increasing temperature, the reduction rate of pellet became faster. As a result, the desulfurization rate increased. Hence, the reduction rate of MgO has a great influence on the desulfurization rate. From the desulfurization results above 1 673 K, it is also thought that the mass transfer rate of dissolved sulfur to the bubble interface is rather rapid when the sulfur concentration is high. Figure 2 presents the sulfur concentration as a function of time for various pellet masses of 0.50 g, 0.75 g, 1.0 g and 1.5 g. With the pellet mass decreasing, the desulfurization rate became slower. When the pellets of 0.5 g were charged into the tube, the final sulfur concentration could not decrease below 140 ppm. For 350 g molten iron with an initial sulfur concentration of 500 ppm, theoretically, complete desulfurization requires a pellet mass of 0.317 g. Hence, in the present experiments, h S,P was not 100 %, and a part of the produced magnesium vapor left the melt without reacting with sulfur as stated above.
Effect of Pellet Mass on Desulfurization of Molten Iron
To evaluate the desulfurization with magnesium vapor, a desulfurization efficiency of magnesium vapor, h S,Mg , is introduced as:
...................... (9) where W Mg,S and W Mg are the masses of magnesium reacted with sulfur and produced by the reduction of pellet.
Both h S,P and h S,Mg are plotted against the pellet mass in Fig. 3 . The more pellets were used, the more magnesium vapor was produced at the initial stage of the reduction and left the melt without reacting with sulfur, and the lower h S,P and h S,Mg became.
As can be seen in Figs. 2 and 3, when the pellet mass was 0.5 g, h S,P and h S,Mg were as high as 46 % and 60 %, respectively. Under the present experimental conditions, the appropriate pellet mass might be 0.75 g. In this case, the sulfur concentration decreased from 540 to 30 ppm in 20 min, as well as h S,P and h S,Mg were 42 % and 54 %, respectively. desulfurization rate was very fast at the initial period, the pellet mass of 1.5 g was insufficient to desulfurize the melt completely and the final sulfur concentration was 250 ppm.
Effect of Initial Sulfur Concentration on Desulfurization of Molten Iron
In the other two experiments, the sulfur concentration decreased below 10 ppm in 10 min ([ppmS] 0 ϭ500) and in 20 min ([ppmS] 0 ϭ900). The desulfurization rate for [ppmS] 0 ϭ900 was not fast at the initial stage of the experiment. It seems that the mixture of Ar and Mg vapors could not be injected smoothly into the melt during the first 5 min. In Fig. 5 , h S,P and h S,Mg are plotted against the initial sulfur concentration [ppmS] 0 . It is seen that h S,P and h S,Mg increase with increasing initial sulfur concentration. The desulfurization efficiencies for [ppmS] 0 ϭ500 are relatively low. This indicates that too much magnesium vapor was supplied to the melt. The immersion depth of the tube was 4.8 cm, and the residence time of a bubble was estimated to be only about 0.37 s in the present experiment. In practical application of this method, one can expect that the desulfurization efficiency of magnesium vapor will be still higher for a larger bath depth and a longer residence time of a bubble.
Effect of Carrier Gas Flow Rate on Desulfurization of Molten Iron
An effect of carrier gas flow rate is shown in Fig. 6 for a pellet mass of 0.75 g. When the carrier gas flow rate was 0 m 3 /s, the desulfurization of molten iron proceeded slowly. In this case, the magnesium partial pressure in the immersion tube was about 1.0 atm, and the reduction of MgO should be suppressed. With increasing carrier gas flow rate, the magnesium partial pressure in the immersion tube was decreased, and consequently the pellet reduction was promoted and the desulfurization of molten iron was enhanced. At a carrier gas flow rate of 3.3ϫ10 Ϫ6 m 3 /s, the sulfur concentration of molten iron decreased from 520 to 20 ppm in only 5 min. These results further confirm that the reduction of magnesium oxide has a great influence on the desulfurization rate.
Kinetics of Desulfurization of Molten Iron
Although the reductant in this work is different from that in the previous work, 14) the kinetic equations for describing the desulfurization of molten iron are similar on the whole.
Because the reduction of MgO by aluminum proceeds fast, some magnesium may be dissolved into the melt. But if desulfurization by the dissolved magnesium is taken into account, the kinetic model of desulfurization will become too complicated. For simplicity, the dissolution of magnesium into the melt is neglected in the present study. Consequently, the main desulfurization site is assumed to be on the bubble surface. In addition, although the product of desulfurization, MgS, exists on the bubble surface and floats up with the bubble to the melt surface, the change in surface area of desulfurization reaction is also neglected. The behavior of the dissolved magnesium in this desulfurization process will be mentioned later.
Furthermore, the rate-controlling steps are assumed to be the mass transfer of magnesium and dissolved sulfur to the bubble-melt interface. In addition, since the experimental temperature is high, the chemical reaction between magnesium and sulfur at the interface is assumed not to be the rate-controlling step.
The other assumptions are as follows: The sulfur concentration and the temperature in the melt are uniform. The bubble is of spherical shape and there is no disintegration and coalescence during the rising process of a bubble. The resulfurization reaction on the metal surface is neglected.
Theory
On the basis of the above assumptions, one can get the following equations for a single bubble:
....... (10) .............. (11) From the equilibrium between magnesium vapor and dissolved sulfur and the mass balance between magnesium and sulfur at the bubble-melt interface, the interfacial sulfur concentration can be deduced by: 19) . Combining Eqs. (12) and (7) , one can also obtain the interfacial magnesium partial pressure. The mass transfer model during the bubble ascent period can be expressed as: 14) .
.(14)
For mass transfer during the bubble formation period from 0 to bubble formation time t f , the number of moles of desulfurization, n S,f , can be given by:
........ (15) where dA(tЈ) is the area formed in the time interval between tЈ and tЈϩdt.
The bubble size is strongly dependent on the gas chamber volume upstream from the nozzle. A dimensionless group related to the chamber volume 20) is defined as:
..................... (16) In the present case, because of N C Ͼ9, the diameter of a bubble is calculated using the equation obtained by Tadaki et al. 20) ......................... (17) The applicability of the equation to the present experiments has been examined elsewhere. 21) 
Calculation Method
Initial Number of Moles of Magnesium in a Bubble
The initial magnesium partial pressure in a bubble can be obtained from the experimental data of reduction efficiency of pellet, h R , versus time. From h R shown in Fig. 7 , one can obtain a regression equation of h R as a function of time. As stated earlier, the reduction of MgO by aluminum takes place at two stages. At the first stage, it is reduced to produce magnesium vapor and MgO · Al 2 O 3 and the change inh R with time can be described by: ....... (24) where the time increment, Dt, is set as one hundredth of the bubble formation time. The amount of desulfurization by one bubble during the bubble formation period can be obtained by solving Eq. (24) .
The diffusion coefficient of sulfur in melt is taken as 1.61ϫ10 Ϫ9 m 2 /s at 1 673 K. 22) The diffusion coefficient of magnesium in the bubble for Ar-Mg binary system is calculated from the correlation developed by Chapman and Enskog 23) to be 3.44ϫ10 Ϫ4 m 2 /s at 1 673 K. 
Calculated Results
Mechanism of Desulfurization with Magnesium
Vapor Produced by Aluminothermic Reduction of Magnesium Oxide Figure 8 presents the comparison of desulfurization rate between calculated and the experimental results. It can be seen that the calculated results are well consistent with the experimental results during the initial period of desulfurization (Ͻ30 min). Therefore, the assumptions that the desulfurization takes place on the bubble surface and the chemical reaction rate is very fast are adequate. After 30 min, resulfurization reaction begins to proceed because the reduction rate of MgO becomes very slow as shown in Fig. 7 . But in the present mathematical model in which the resulfurization process has not been taken into account, the calculated sulfur concentration after 30 min is thus lower than the experimental one.
One of the objectives of this kinetic study is to identify the rate controlling mechanism. Let us consider the various distributions of magnesium partial pressure and sulfur concentration near the bubble surface on condition that the rate-controlling steps are the mass transfer of magnesium, dissolved sulfur, or both of them to the bubble-melt interface.
As shown in Fig. 9(a) , when the mass transfer rate of sulfur in the melt is much greater than that of magnesium in the bubble, the rate controlling step is the mass transfer of magnesium in the bubble and the desulfurization site is on the bubble surface. Nakanishi et al. 6) assumed the desulfurization site was also on the bubble surface, but the rate-controlling step was assumed to be the mass transfer of sulfur in the melt because the magnesium partial pressure in the bubble was very high and the sulfur concentration in the melt was relatively low in their case. Figure 9 (b) shows a case, in which the mass transfer rate of magnesium in the bubble is much greater than that of sulfur in the melt. In this case, the magnesium dissolves into the melt. The desulfurization then takes place both on the bubble surface and at the magnesium sulfide inclusions in the bulk of molten iron. Irons and Guthrie [3] [4] [5] concluded that most of desulfurization takes place at the magnesium sulfide inclusions in the bulk of molten iron because, on the basis of the mass transfer coefficient of sulfur in the melt k l,S ϭ(4.6Ϯ3.4)ϫ10 Ϫ5 m/s obtained from their experimental data, the predicted mass transfer rate of sulfur to the bubble surface was much smaller than the observed rate of desulfurization. However, this value of k l,S is much smaller than that of k l,S ϭ2.2ϫ10 Ϫ4 m/s calculated from Higbie's equation 24) in the present work. The value of k l,S needs to be studied in future.
When the difference of the mass transfer rates between magnesium in the bubble and sulfur in the melt is not very large, both the mass transfer of magnesium and sulfur to the bubble-melt interface should be taken into account. The mixed control model of gas-and liquid-phase mass transfers is given in Fig. 9(c) . We adopt this desulfurization model to analyze the present experimental results and assume that the main desulfurization site is on the bubble surface.
The validity of the assumption that the desulfurization mainly takes place on the bubble surface can be reinforced by our another paper. 18) In the paper, it was demonstrated that the total magnesium concentration in the melt, T.
[ppmMg], decreased with increasing initial sulfur concentration, and increased rapidly after the sulfur concentration decreased to a low level. Figure 10 represents the calculated sulfur concentrations in the melt ([ppmS]) and on the bubble surface ([ppmS] i ), and the magnesium partial pressures in the bubble (P Mg ) and on the bubble surface (P Mg,i ) under the conditions of temperature of 1 673 K, pellet mass of 1.0 g and carrier gas flow rate of 5.0ϫ10 Ϫ7 m 3 /s. Figures 10(a) and 10(b) show the values at tϭ0.05 t f ( jϭ5) and at the end of the bubble formation period, and Figure 10 (c) at the end of the bubble ascent period. It can be seen that with the progress of desulfurization during bubble formation and ascent periods, the magnesium partial pressure in the bubble decreases. At the initial stage of desulfurization ( t Ͻca.10 min), the sulfur concentration is quite low on the bubble surface. This means that the mass transfer rate of sulfur in the melt is slower than that of magnesium in the bubble and becomes the rate-controlling step for the desulfurization process. Since the magnesium partial pressure on the bubble-melt interface is not equal to zero, some magnesium may dissolve into the melt.
Comparison of Desulfurization between Bubble Ascent and Formation Periods
The number of moles of desulfurization by one bubble is illustrated in Fig. 11 . One can see that the amount of desulfurization during the bubble ascent period, n S,a , is larger than that during the bubble formation period, n S,f . This is because the reaction area is larger and the reaction time is longer during the bubble ascent period. But the ratio of n S,a to n S,f decreases with time, from 9.3 times at the beginning of reaction to 3.5 times at 15 min. One of the reasons is that the production rate of magnesium vapor decreases with time, and the larger portion of the vapor is consumed by the desulfurization during the bubble formation period. The other reason is that the bubble formation time becomes longer due to the decrease in the amount of magnesium vapor produced with the progress of reaction.
Effects of Pellet Mass and Initial Sulfur Concentration on Desulfurization
The predicted changes of sulfur concentration with time under various pellet mass conditions are calculated and shown in Fig. 12 . The calculation is for the temperature of 1 673 K, and the carrier gas flow rate of 5.0ϫ10 Ϫ7 m 3 /s with the assumption that the reduction rate of magnesium oxide does not change with the pellet mass and therefore Eqs. (18) and (19) can be used to predict the reduction efficiency of pellet. The [ppmS] i is the value at the moment when the bubble is leaving from the melt surface. These calculated results are generally consistent with the experimental results shown in Fig. 2 . With pellet mass decreasing, the desulfurization rate decreases and the final sulfur concentration remains higher. It is also clear that both the initial and the final sulfur concentrations on the bubble surface become higher, especially in the case of pellet mass of 0.5 g. This is due to the fact that with the pellet mass decreasing, the magnesium partial pressure in the bubble decreases and the mass transfer rate of magnesium in the bubble becomes slow.
With the same calculation conditions and assumptions as above, the effect of pellet mass on desulfurization efficiency of magnesium vapor is presented in Fig. 13 . The desulfurization efficiency initially decreases with time because the sulfur concentration decreases. And then, it increases due to less magnesium vapor produced. Especially, the pel- let mass of 0.5 g is too little to desulfurize the melt to a low level. Thus, the desulfurization efficiency becomes rather high during the whole desulfurization period because the sulfur concentration in the melt remains high. Under the conditions of temperature of 1 673 K, pellet mass of 1.5 g and carrier gas flow rate of 5.0ϫ10 Ϫ7 m 3 /s, the effect of initial sulfur concentration on desulfurization is given in Fig. 14. The [ppmS] i is the value at the moment when the bubble is leaving from the melt surface. It is interesting to note that in comparison with the sulfur concentration on the bubble surface being close to 0 in the first 15 min for the initial sulfur concentration of 500 ppm, in the first 2 min for the initial sulfur concentration of 1 500 ppm, and in the first 0.5 min for 1 000 ppm, the sulfur concentrations on the bubble surface are almost the same as those in the melt. In these cases, the sulfur concentration is so high that the magnesium partial pressure in the bubble becomes very low when the bubble is leaving from the melt surface, and the mass transfer rate of sulfur in the melt is much faster than that of magnesium in the bubble. Therefore, the desulfurization efficiency of magnesium vapor becomes 100 percent at these initial stages as shown in Fig. 15 .
Concerning the mass transfer rates of magnesium in the bubble and sulfur in the melt, which is faster depends not only on the initial magnesium partial pressure in the bubble and sulfur concentration in the melt, but also on the progress of desulfurization during the bubble formation and ascent periods, as shown in the previous paper. 14) In this work, the mass transfer rate of magnesium in the bubble is usually faster than that of sulfur in the melt because the magnesium partial pressure in the bubble is relatively higher. However, when the sulfur concentration is very high, the mass transfer rate of sulfur in the melt is conversely faster than that of magnesium in the bubble at the moment when the bubble is leaving from the melt surface.
Conclusions
On the basis of the previous work of desulfurization of molten iron with magnesium vapor produced in-situ by the carbothermic reduction of magnesium oxide, a different method of reduction of magnesium oxide has been proposed to desulfurize molten iron. Magnesium vapor produced in-situ by aluminothermic reduction of magnesium oxide in MgO-Al pellets was injected directly into the melt with argon carrier gas to desulfurize molten iron to an ultralow sulfur concentration in a short time. High desulfurization efficiency, easy and safe operation, as well as low cost characterize this desulfurization process. The mechanism of desulfurization in this process has been clarified. From the present work, the following can be concluded.
(1) The reduction rate of magnesium oxide has a large influence on the rate of desulfurization with magnesium vapor produced in-situ by aluminothermic reduction of magnesium oxide.
(2) Under the present experimental conditions, the desulfurization rate increases with increasing temperature, pellet mass and Ar carrier gas flow rate.
(3) The desulfurization efficiency is improved with decreasing pellet mass and increasing initial sulfur concentration.
(4) A mathematical model for analyzing this desulfurization process has been developed. Good agreement between calculated and experimental results indicates the validity of the present model and the assumptions that the main desulfurization site is on the bubble surface and the chemical reaction is very fast.
(5) Under the present experimental conditions, the calculated results show that when the initial sulfur concentration is not very high, the mass transfer rate of sulfur in the melt is slower than that of magnesium in the bubble and becomes the rate-controlling step for the desulfurization process. The amount of desulfurization during the bubble ascent period is 3.5-9.3 times greater than that during the bubble formation period. Effects of pellet mass and initial sulfur concentration on desulfurization can also be reasonably explained by the mathematical model. 
